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A B S T R A C T
Temperature dependence of the afterglow of persistent luminescence material SrAl2O4:Eu,Dy is a major problem
for outdoor low temperature applications. Therefore this publication deals with tailoring the material for better
outdoor use by exploring the second mechanism, that is involved in the afterglow – charge tunnelling from the
trapping center to the luminescence center. Structure, morphology, emission and thermally stimulated lumi-
nescence properties have been measured for SrAl2O4:Eu,Dy samples with different added boron percentage. The
results indicate a change in morphology of the samples with increasing boron concentration, as well as a change
in afterglow times. The low temperature luminescence intensity and afterglow time dependence of boron ad-
dition turns out to be different from the room temperature luminescence intensity and afterglow time depen-
dence from boron concentration. Boron addition in necessary amount plays a key role to creating trapping
centers in the material that are located spatially close to the luminescence center thus making the material
afterglow possible even in low temperatures.
1. Introduction
SrAl2O4:Eu,Dy is a very efficient green-emitting phosphor, its long-
lasting afterglow can be observed for hours after the termination of
excitation [1–3]. Therefore, SrAl2O4:Eu,Dy is widely used in many ap-
plications – emergency signs, watch dials, luminous paints, luminescent
coatings, in vivo imaging [2–6]. The problem that will be highlighted in
this publication, is the temperature dependence of the afterglow of this
material. Due to the shape and position of thermally stimulated lumi-
nescence (TSL) peak, SrAl2O4:Eu,Dy loses a lot of its afterglow effi-
ciency in temperatures below zero Celsius, that is a major problem for
material outdoor use [2,7]. However, there might be a solution for this
problem, that is worth looking in to. This solution is closely related to
the afterglow mechanism of the luminophore. There is strong evidence
confirming the fact that Eu2+ is the luminescence center in SrAl2O4
responsible for the blue/green emission [8]. The Eu2+ changes its
charge state during excitation, the electron from Eu2+ is transferred to
some unidentified trap [2] and a number of traps are filled. The gradual
thermally stimulated release of electrons from traps takes place at room
temperature (RT). The released electrons recombine with Eu3+ ion,
thus resulting in excited Eu2+ creation. The following radiative tran-
sition to the Eu2+ ground state is the origin of the green luminescence
observed [2]. However, in addition to thermally stimulated process, the
creation of excited Eu2+ luminescence centre via electron tunnelling
was observed recently as well [9–11]. Thus, both processes can con-
tribute in creation of an excited Eu2+ luminescence center. As the
electron tunnelling process is not temperature dependent, but rather the
spatial distribution dependent, it is expected that the afterglow at low
temperatures could be enhanced by altering the fraction of traps located
closely enough to the luminescence center for tunnelling process
(Fig. 1).
Although the long persistent luminescence in strontium aluminates
has been well-known for over two decades [1], the role of boron ad-
dition in extending the afterglow is still not well understood. In this
research we focus on the role of boron addition to enhancing the tun-
nelling luminescence contribution in the afterglow mechanism.
2. Experimental
Strontium nitrate (Sr(NO3)2, purity 98%, Sigma Aldrich), alumi-
nium nitrate nonahydrate (Al(NO3)3 · 9H2O, purity 99,6%, VWR
Prolabo Chemicals) %), europium oxide (Eu2O3, purity 99,99%, Alfa
Aesar), dysprosium oxide (Dy2O3, purity 99,9%, Alfa Aesar), and boric
acid (H3BO3) were used as the starting materials for SrAl2O4:Eu, Dy, B.
Urea (NH2CONH2, purity 99,5%, Sigma Aldrich) was used as a che-
lating and a gelling agent. Nitric acid (HNO3, assay 65%, Sigma
Aldrich) was used for dissolving Eu2O3 and Dy2O3. All chemicals were
used without any further purification.
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In the present work, SrAl2O4 samples doped with Eu, Dy and B were
synthesized by using sol-gel method. 1 at% Eu, 2 at% Dy SrAl2O4
samples were prepared with six different concentrations (0–15 at%) of
the B. The appropriate amount of Eu2O3 and Dy2O3 were dissolved in
2 mL of HNO3 and the appropriate amount of Sr(NO3)2, Al(NO3)3 ·
9H2O, and H3BO3 were dissolved in deionized water. After all starting
materials were dissolved completely and the resulting solutions were
combined, an appropriate amount of urea was added to the solution
(the molar ratio of all metals ions and urea was 1:20, respectively).
Also, an appropriate amount of deionized water was added so the molar
concentration of all metals ions in the solution would be 0.2 M. Then
this mixture was heated at 90 °C until white gel was formed. When the
gel consistency was obtained, the gel was heated to 400 °C with a
heating rate 13 °C min−1 in an open oven for 2 h for elimination of
nitric oxides and a white powder was obtained. After synthesis, the
obtained samples were pre-calcined at 850 °C for 2 h with a heating rate
of 5 °C min−1 in the air to eliminate the organic materials and then
calcined at 1300 °C for 3 h with a heating rate of 5 °C min−1 in a
reductive atmosphere (95% Ar/5% H2). Then the samples were natu-
rally cooled down to room temperature and white to yellowish-green
powders were obtained.
The crystallinity of all our strontium aluminate samples after the
reducing heat treatment were characterized by X-ray powder diffrac-
tion (XRD, Rigaku MiniFlex 600 X-ray diffractometer) using a cathode
voltage of 40 kV and current of 15 mA with Cu Kα radiation. XPS was
measured with ESCALAB 250 Xi, using Al Kα radiation. The mor-
phology of all our strontium aluminate samples was characterized by
scanning electron microscopy (SEM, Tescan Lyra) operated at 15 kV.
Before the examination, the sample was coated with a gold layer.
For emission spectra and thermally stimulated luminescence spectra
measurements the temperature of the samples was controlled by
Sumitomo HC-4 closed-cycle helium cryostat operating within tem-
perature range ~9–325 K. The Lake Shore 331 Temperature controller
was used for temperature control as well as for sample heating (6 K/
min) during thermally stimulated luminescence (TSL) measurements up
to 320 K. Luminescence spectra were recorded using Andor Shamrock
B303–I spectrometer. The samples were excited by X-rays. The excita-
tion source was X-ray tube with W target (30 kV, 10 mA).
3. Results and discussion
The structure of all our strontium aluminate samples before and
after the reducing heat treatment was characterized by X-ray powder
diffraction (Fig. 2). The Rietvald analysis of the XRD data showed that
the major fraction of the samples is in SrAl2O4 phase, but it does have
an admixture of Sr4Al14O25 phase (Fig. 3.), which increases with in-
creasing boron concentrations. The secondary phase existence is also
mentioned in Refs. [12,13]. We calculated the crystallite size from the
XRD data and it can be observed that the size increases with increased
boron concentration.
The SEM micrographs (Fig. 4) show that the morphology of the
samples changes significantly as the added boron concentration in-
creases. As boron concentration increases, grain and agglomerate sizes
tend to increase as well as the structure of the samples becomes more
homogeneous, compact and denser with smoother surface morphology.
Fig. 1. The possible mechanism of afterglow, that accounts for the lumines-
cence afterglow in low temperatures [9].
Fig. 2. XRD patterns of SrAl2O4: Eu, Dy samples with different concentration of
B3+.
Fig. 3. Phase composition in sample dependence of boron at% addition.
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This is because of the addition of boron to the samples decreases their
melting point and formation temperature of the crystalline phase (see
Table 1).
XPS measurements were carried out to determine the boron con-
centration in the samples (Table 2.). One can notice that boron con-
centration in the samples rises until it reaches 6 at% concentration.
Adding more than 7% B during synthesis does not contribute to larger
boron content in the samples – it reaches a saturation. The XPS mea-
surements were carried out for several times while etching the sample
with argon ions in order to exclude the possibility that the measure-
ments are related to the surface of the sample.
To begin our search for the most effective luminophore for low
temperatures, we checked the boron concentration effect on the room
temperature luminescence. The emission is a broad band with max-
imum wavelength at 530 nm, as expected (Fig. 5.) and at temperatures
lower than 150 K the second luminescence band centered at 460 nm
appears. Boron addition does not alter the shape or maximum wave-
length of the emission band, that is characteristic to the Eu2+ emission
in strontium aluminate matrixes. The emission intensity at the max-
imum wavelength right after the termination of excitation is in Fig. 6.
As it can be seen, the boron addition greatly affects the afterglow
intensity. Moreover, close afterglow intensity for samples containing
boron concentration in raw material within range of 7%–15% is in
agreement with XPS data in Table 2. As many articles have stated be-
fore [12,14], boron addition can prolong the intensity of the afterglow.
Therefore the afterglow intensity dependence of time was measured in
room temperature. Evaluated by human eye, the afterglow was not
present after a minute after the termination of excitation in the samples
with boron concentrations 0% and 1%, whereas the samples with boron
Fig. 4. SEM micrographs of SrAl2O4: Eu, Dy samples with different concentration of B3+ (magnification: 50 k).
Table 1
The crystallite size dependence of the added boron concentration calculated
from XRD data.
Added B, at% Crystallite size, nm
SrAl2O4 Sr4Al14O25
0 39,05
1 40,92
5 46,83
7 46,83 51,98
10 52,57 55,32
15 54,81 59,14
Table 2
The added boron concentrations during synthesis vs the XPS
measured B concentration in samples.
Added B, at% XPS measurement B, at%
0 0,00
1 1,31
5 3,70
7 6,05
10 6,09
15 6,03
Fig. 5. The emission spectrum of SrAl2O4: Eu, Dy with 5 at% B addition right
after the termination of excitation at room temperature and 10 K temperature.
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concentrations 5, 7, 10 and 15% were glowing for more than 10 h after
the termination of excitation, as it was expected from the literature
[12,14]. Concentrations of boron in range of 5%–15% lead to similar
afterglow times and decay profiles.
The question now is – do the samples with these amounts of boron
addition act similarly in low temperatures if compared to the afterglow
in RT? To evaluate that, the samples were cooled down, irradiated and
the afterglow was measured in 10 K temperature. As it turns out, the
afterglow intensity right after the termination of excitation (Fig. 7.) and
the afterglow time (Fig. 8.) in 10 K temperature differ from the results
of room temperature measurements. The samples with boron con-
centration larger than 10% show no afterglow in low temperatures.
This leads to the discussion on how are the trapping centers with higher
boron concentrations different to those with lower concentrations? The
answer should be related to the spatial distribution of trapping centers.
We can assume that more trapping centers are created when adding
boron above 1%, but not all of these trapping centers are located spa-
tially close to the luminescence center, therefore those located in
greater distances can only be emptied with the help of thermal energy.
One of the possibilities of the unknown electron trapping centers is the
distorted AlO4 tetrahedra. There is experimental evidence of the pre-
sence of a substitutional BO4 unit in samples with boron addition [13].
Borate (BO4) is more ionic in nature than AlO4 because of its smaller
size and higher electronegativity of boron compared to Al [13]. This
can also create lattice distortions, that can lead to electron trapping.
Delgado et al. reports non-negligible local distortion of the cavities in
AlO4 tetrahedra which takes place upon incorporation of boron [15].
We can conclude from the luminescence decay kinetics that the
samples that are more of interest to us are the ones with 5, 7, 10 and
15% of boron addition, because the afterglow behaviour differs for
those samples in low temperatures and RT. The 5% and 7% samples
glow well both in low temperatures and RT, whereas the 10% and 15%
samples glow well only in RT. Therefore the TSL curves were compared
for these samples. There are articles that have determined the shape of
TSL curves above RT [16,17]. We also notice the dominant TSL max-
imum above room temperature, that is similar to all the samples and
can be attributed to those trapping centers that are gradually emptied
with thermal stimulation in RT. But the thing that differs for the above-
mentioned samples is the low temperature part of TSL (Fig. 9.).
The curves for 5% and 7% samples are similar and the curves for
10% and 15% are similar, therefore only one of each pair was depicted
in Fig. 9 for clarity. The samples, that exhibit long afterglow in the low
temperatures (with 5% and 7% boron addition), have several TSL peaks
under room temperature. However, these peaks are non-existent in
those samples, that do not exhibit long afterglow in low temperatures
(10% and 15% boron addition). We can assume that with 5% boron
addition some different trapping centers are created effectively. The
75 K peak is present also in the TSL curve of non-doped SrAl2O4 matrix
and is attributed to the intrinsic defects of the material [18]. This peak
is diminished with increasing boron concentration. The tail of lower
temperature TSL peak reaches background value at 35 K. Therefore the
afterglow observed at 10 K is not due to the thermally stimulated re-
lease of electrons from traps. The initial part of 5% sample TSL curve
(10–25 K) is not due to thermally stimulated charge carrier release from
traps, but due to the tunnelling afterglow – this claim is backed by
comparison of the decay kinetics in 10 K to the emission in time during
TSL measurement and is also described in Ref. [11]. The afterglow in-
tensity dependence on boron concentration at 10 K (Fig. 8) is the evi-
dence that boron incorporation in SrAl2O4: Eu, Dy leads to the forma-
tion of additional electron traps close to Eu2+. The tunnelling of
electron from these traps to the Eu is possibly the case of the observed
afterglow.
The decay kinetics in low temperature (Fig. 10.) are well approxi-
mated both with a sum of three exponents, that could point to the
Fig. 6. The afterglow intensity right after termination of excitation measured in
the maximum wavelength of emission in room temperature for samples with
different B concentration.
Fig. 7. The afterglow intensity right after termination of excitation measured in
the maximum wavelength of emission in 10 K temperature for samples with
different B concentration.
Fig. 8. The afterglow time in 10 K temperature for samples with different B
concentration.
Fig. 9. The TSL glow curves for samples with 5% and 15% boron addition.
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existence of three distinct charge trapping sites, or the stretched ex-
ponential function
⎜ ⎟= ⎛
⎝
−⎛
⎝
⎞
⎠
⎞
⎠
I t t
τ
( ) exp
β
(1)
where < ≤β0 1 and τ is a parameter with the dimensions of time [19].
The kinetics approximation with stretched exponent points out a charge
trapping center distribution and the parameter β denotes the extent of
this distribution. In our case β and τ were different for samples with
various B concentration, indicating, that the distribution for trapping
centers in the samples, that glow well in low temperatures is wider than
in those, that do not exhibit good afterglow in low temperatures.
4. Conclusions
The boron incorporation in the SrAl2O4:Eu,Dy material contributes
to the creation of trapping center, leading to prolonged afterglow times.
However, these trapping centers are in spatially different positions –
some are located in such positions, that the tunnelling from the trap-
ping center is possible, but some – located too far for the probability of
tunnelling to be substantial. Adding boron above 7 at% in our experi-
ments leads to the creation of spatially further located trapping centers,
therefore the samples with large boron concentrations do not exhibit
afterglow at lower temperatures. This leads to a conclusion that the
luminophores can be modified intentionally to create long afterglow
materials more suited for outdoor use.
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